A heat switch provides a thermal switching (high or low thermal conductance) as appropriate according to the thermal environment of a spacecraft. It has an advantage for a thermal control for lunar rover and planetary exploration spacecraft for which it is difficult to secure sufficient electrical power. A mechanical heat switch is being developed in our group for Japanese spacecraft including the lunar rover. Required on / off thermal conductances are 1 W/K and 10 mW/K respectively with lower than 5 cm of height as a goa1. The volume expansion of paraffin was introduced for the on / off mechanism according to the result of a trade-off study including feasibility, power and expected mass. The heat switch test model we fabricated has a mass of 660 g, height of 53 mm, and outer diameter of 62 mm. In our thermal performance test, the thermal conductance was 0.86 W/K when the switch was turned on and an on / off ratio exceeding 110 was measured. In this paper, a description of the heat switch, mission targets, conceptional design study and the thermal performance result of the test model are presented.
Introduction
Thermal switching was introduced at an early time stage of space exploration. In particular, it is usable to maintain an appropriate temperature of a mission instrument for a rover and a planetary exploration spacecraft, which means heater power must be effectively reduced under a significant change of temperature exceeding 100 K as a thermal environment 1, 2) . The benefit of thermal switching for spacecraft thermal contro1 was already verified before the 1980s. A heat switch is typically connected between a heat source (mission instrument radio isotope as a heater, etc.) and a radiator panel in order to reduce the temperature variation by switching the amount of heat release. A cryogenic heat switch is also available to thermally isolate a cryogenic temperature region after coo1ing from room temperature, or to provide heat dissipation to a precooler during recycling while minimizing a heat load during an operation. However, mounting such a thermal switching device with high redundancy is difficult except if using a total of 4 devices, and highly reliable design and the thermal performance are needed.
Several concepts have been proposed and used for heat switches: mechanical, gas gap, magnetoresistive 3) , superconducting and others. Even when mechanical heat switches are only considered, there are different types of mechanical parts: paraffin-actuated, shape memory 4) , using two different CTE (Coefficient of Thermal Expansion) materials 5, 6) . Recently, paraffin-actuated heat switches were used for temperature controls of battery systems in the Mars exploration rover Spirit and Opportunity 7) . On the other hand, gas gap heat switches were used for heat rejection from compressors of a 20K hydrogen sorption cooler in the cosmic microwave background observation Planck 8, 9) . Most of cryogenic heat switches for space missions are gas gap heat switches [10] [11] [12] [13] [14] .
In this paper, a new paraffin-actuated mechanical heat switch is designed and tested. The heat switch test model was fabricated in order to obtain a high On / Off conductance ratio (>100) as well as thermal conductance in the on state (1 W/K). This ratio is the highest thermal performance in past mechanical heat switches. In particular, the mechanical force generated by the paraffin was selected appropriately with respect to the balance of the required contact force, the tensile strength of the support structure and the maximum inner pressure of the paraffin in the mechanical part. The flexible part was designed using a laminated copper to achieve these thermal performances reliably with the required mechanical flexibility. A conceptional study component trade-off fabrication and thermal performances with different paraffin materials are also shown.
The passive mechanical heat switch with paraffin wax was fabricated as a first step, followed by the development of an active mechanical heat switch as the final target. The passive heat switch test model was only described in this paper.
Requirement of the Heat Switch and Research of Basic Principle
The main target of the development is as follows. The 4th target is in the case of the active type.
As compact as possible (typically 5 cm in height) On / Off thermal conductance ratio exceeding 100 1 W/K of on thermal conductance Shorter than l min needs to be turned, while no electrical power must maintain each conductance.
A heat switch can be divided into two types, namely: active and passive type. An active heat switch can be turned on and off by receiving an external signal input from a controller in within a certain temperature range. Most of the external inputs are electrical power. On the other hand, the on/off state is automatically determined by temperature for a passive heat switch. In our development, an active type is targeted as the final target to accommodate circumstances where feedforward switching is efficient for tight temperature contro1, while the passive type is also another target for having a broad utility with high reliability.
Subsequently, the basic principles for our heat switch were researched. There are mainly 4 kinds of principles, (1) mechanically touched or untouched, (2) moving a working fluid or gas (gas gap) (3) changing the thermal conductivity of a materia1(superconducting magnetoresistive), (4) using variable emissivity between surfaces. In our research, it's difficult to change the thermal conductivity of material without any enormous energy at room temperature, while higher than 200 is needed as a getters' temperature for a hydrogen gas gap heat switch 8, 15) , which means a mechanical heat switch is most feasible to satisfy our requirements. A loop heat pipe (LHP) including a variable conductance function by shutting down the loop is another candidate. In particular, this device includes high flexibility of the pipe routing of the loop with significant thermal conductance. This type of LHP is also being developed in our group. Table 1 . Trade-off study of the mechanical part for the active heat switch taking into account the application to passive type. :good or acceptable, :inferior. 1 : typical specification of motor actuator applicable to the heat switch was considered. 2*: strongly depends on the thermal environment.
When a mechanical heat switch is considered, a mechanical part is needed at the center of the switch to generate mechanical contact force to a thermal contact part. Four kinds of mechanical part can be mainly used, 1) increasing the vo1ume of paraffin wax with phase change, 2) motor actuator, 3) expansion of shape memory materia1, 4) using two different CTE (Coefficient of Thermal Expansion) materials. When different CTE materials are used, a wide temperature range is needed between turned on or off with a very small gap at the contact part, while it's difficult to use a shape memory material, because more than 5 cm height must be installed as a mechanical part in our initial study, hence the need for a trade-off study between the two remaining candidates, paraffin wax and a motor actuator. Table l shows the result of a trade-off study between paraffin wax and a motor actuator as mechanical part. No electrical power must maintain the stable on / off therma1 conductance and more than 3 times the mechanical force can be generated using a motor actuator. From these perspectives, a motor actuator is a better choice to develop an active heat switch with low electrical power, while more than 1 W of electrical power must maintain an on state as well as activated when paraffin wax is used. However, paraffin wax should be selected to provide the passive heat switch function and is even usable at below -50 with a lower mass and smaller volume in comparison with the usage of a motor actuator.
Development of the Heat Switch Test Model
The passive mechanical heat switch test model using the paraffin mechanical part was developed. A passive type was selected as the first test model because it's simply actuated and the thermal behavior of the switch can be easily measured. Figure l shows a cross section of the test mode1. The heat switch can be turned on when the copper contact part touches the radiator part with the contact force generated by expanding the paraffin at melting point in the mechanical part. The off thermal conductance of the switch is determined by the support structure made of Ti alloy which supports with no-metal rings for the thermal solution. It is preferable to obtain larger mechanical force for higher thermal contact conductance, but larger tensile strength is needed for the support structure and the I/F surface of the radiator part warps under this pressure.
Copper and A1-anoy were selected as a combination thermal contact in order to prevent cold welding, while the possibility for cold welding under various conditions is also under investigation. In addition, the surface roughness and the surface accuracy must be taken into consideration. Each surface was fabricated with mirror polishing for rms surface roughness lower than 1 m, by taking into account the result of thermal contact conductance measurement. There is no-metal or no-meta1 coating with these contact surfaces of the test mode1 while Au coating is a candidate in order to obtain higher contact conductance as well as surface protection.
Less than l g of the paraffin wax was installed in the piston cylinder of the mechanical part, with a melting point of 53 . The pu11-back spring with 300 N was installed by assuming to be necessary when the switch was turned off.
Paraffin wax
Motor Fig. 1 . Cross-section of the heat switch test mode1. The paraffin mechanical part is installed at the center of the test model and a gap is present (smaller than 0.5 mm) between the radiator part (dark gray) and copper contact part (blue). The flexible part (yellow) is assembled around the mechanical part.
Performance Measurement of the Heat Switch Test Model
When measuring the force generated by the mechanical part with the pun-back spring, more than 300 N of force with a gap of 0.55 mm could be provided, corresponding to contact pressure of about 0.24 MPa with a 4 cm contact surface area, while the force decreased easily with slight air in the piston. Figure 2 shows the heat switch test model before the thermal performance test, which was measured at lower than 10 -3 Pa with the vacuum chamber. As shown in Figure 3 , an Al alloy cylinder component with l W/K of thermal conductance was installed between the test model and base plate to measure the heat flow. The temperature of the base plate was maintained at -20 , and the test apparatus was covered with the MLl to reduce the radiation effect. Plate heaters with an Al plate was mounted at the top of the heat switch test model. A 0.3mm thin wire was used for thermometer's electrical wire to reduce the heat load through the wire. The experimental sequence is as follows, 0) the heater plate is stable at room temperature, 1) the heater power is increased, 2) measure each thermometer's temperature when all thermometers are stable with 0.2 / 5 min, 3) repeat 1) and 2) in order to increase T ch2 with 0.5~2
. The maximum temperature of T ch2 was set to be 65 to prevent the paraffin leakage. The heater power was gradually decreased for the thermal conductance measurement with decreased temperature. The thermal conductance of the heat switch test model was calculated by the formula shown in Figure 3 . The estimated radiative heat load from the heat switch test model to other temperature region was lower than 0.3% of the heat load through the heat switch. Fig. 3 . Schematic drawing of the experimental setup of the heat switch test model. The formula to estimate the thermal conductance of contact parts as well as the total thermal conductance of the heat switch test model is also shown. Figure 4 shows the measured total thermal conductance of the heat switch test mode1.The measured thermal conductance was obtained with stable temperature. The heat switch was successfully turned on at a temperature exceeding 50 and the thermal conductance soared between 50 and 60 . This temperature width was caused by the transition width of the paraffin from solid to liquid. The maximum thermal conductance of the test model was 0.75±0.03 W/K in this measurement. The measurement error of the maximum thermal conductance was lower than 4 %, which was dominated by the systematic error of the temperature measurement. Thermal conductance of the flexible and thermal contact parts must be increased in order to achieve more than 1 W/K.
The transition temperature of paraffin with decreased temperature becomes lower in comparison with that when temperature increases. In the test mode1, the temperature shift of total thermal conductance is lower than l , while the transition temperature shift of the paraffin used in the test model is about 3.5 . The difference is due to the fact that the paraffin in the test model was exposed to more than 10 MPa of pressure at transition, while a transition temperature shift of paraffin of 3.5
as the specification was measured at 1 atm. The total thermal conductance in the off state was also measured, and the temperature of the base plate was kept at -25 in order to measure the low conductance (>10 mW/K) as correctly as possible by establishing temperature difference of about 70 K. The measured thermal conductance was 6.6 ± 0.9 mW/K and the on/off conductance ratio was 113.2 +23 -18 which mostly satisfied the requirement. However, the measured thermal conductance in the off state included considerable uncertainty of the radiation coupling effect as well as a long thermal time constant, the effects of which must be reduced and a verification method for the low thermal conductance must be established.
Thermal Performance with Different Paraffins
As described in Section 4, the thermal and mechanical properties of paraffin are design drivers for the thermal performance of the heat switch. On the other hand, the transition temperature to be turned on / off should be changeable based on the mission's requirements, by selecting a paraffin with an appropriate melting point. Accordingly it's important to compare the behavior of the heat switch when different paraffin is installed in the mechanical part. 4 different paraffins were installed and tested, and the results of which are shown in Figure 4 . Thermal conductances using paraffins with 47 and 32 (yellow and red) achieved lower than 0.7 W/K as maximum, while 0.86 W/K was reached using paraffin with a melting point of 46 (blue). These differences were attributable to variable volume expansion with high pressure after melting. The transition temperature widths were similar.
The thermal contact conductances of thermal contact parts using each paraffin are also shown in Fig 5. More than 2 W/K were reached as a maximum for paraffins with 47 and 53
, while 1.2~1.3 W/K when two other paraffins were installed. These results are obviously indicated that total thermal conductance varied according to the contact forces when each paraffin was used. No apparent change in thermal conductance in any other parts was detected in these measurements. 
Conclusion of the Performance of the Heat Switch Test Model
As a conclusion, the heat switch test model was successfully turned on using all 4 kinds of different paraffins. The measured thermal conductance in an on state was 0.86 ± 0.03 W/K when paraffin with a melting point of 46 was installed, while the on/off conductance ratio was 130 +27 -20 , which mostly satisfied the requirement. It was thus concluded that the different thermal conductances of the various paraffins were attributable to the variable volume expansion at the melting point of each paraffin.
The thermal performance of the heat switch test model is compared with other heat switches in Table 2 . The test model in this work shows that the measured on / off conductance ratio is comparable with other heat switches, while the on / off transition temperature width of the test model is about 12 . However, the mass is about four times that of other heat switches, hence a new design achieving the current thermal performance with a lower mass is the next target. 
Summary
The development of the mechanical heat switch test model is summarized as follows,
The passive type was selected as the first test model because it was simply actuated and the thermal behavior of the switch could be easily measured. Paraffin wax was used to generate a mechanical force. When measuring the thermal performance, the test model was successfully turned on at a temperature exceeding 50 and thermal conductance soared between 50 and 60 . The measured thermal conductance in the on state was 0.86 ± 0.03 W/K, and 6.6 ± 0.9 mW/K in the off state. The on/off conductance ratio was 130 +27 -20 , which mostly satisfied the requirement. 4 kinds of paraffin waxes were also compared, and the thermal conductance in the on state was increased while these transition temperature widths were quite similar.
The second test model with lower than 400 g will be measured and evaluated, while the thermal conductance of the contact surface will be improved by Au coating, whereupon a mechanical part for the active mechanical heat switch will be designed. A verification method for the low thermal conductance in the off state must also be established.
